Using electroacupuncture and moxibustion to treat peripheral nerve injury is highly efficient with low side effects. However, the electroacupuncture-and moxibustion-based mechanisms underlying nerve repair are still unclear. Here, in vivo and in vitro experiments uncovered one mechanism through which electroacupuncture and moxibustion affect regeneration after peripheral nerve injury. We first established rat models of sciatic nerve injury using neurotomy. Rats were treated with electroacupuncture or moxibustion at acupoints Huantiao (GB30) and Zusanli (ST36). Each treatment lasted 15 minutes, and treatments were given six times a week for 4 consecutive weeks. Behavioral testing was used to determine the sciatic functional index. We used electrophysiological detection to measure sciatic nerve conduction velocity and performed hematoxylin-eosin staining to determine any changes in the gastrocnemius muscle. We used immunohistochemistry to observe changes in the expression of S100-a specific marker for Schwann cells-and an enzyme-linked immunosorbent assay to detect serum level of nerve growth factor. Results showed that compared with the model-only group, sciatic functional index, recovery rate of conduction velocity, diameter recovery of the gastrocnemius muscle fibers, number of S100-immunoreactive cells, and level of nerve growth factor were greater in the electroacupuncture and moxibustion groups. The efficacy did not differ between treatment groups. The serum from treated rats was collected and used to stimulate Schwann cells cultured in vitro. Results showed that the viability of Schwann cells was much higher in the treatment groups than in the model group at 3 and 5 days after treatment. These findings indicate that electroacupuncture and moxibustion promoted nerve regeneration and functional recovery; its mechanism might be associated with the enhancement of Schwann cell proliferation and upregulation of nerve growth factor. 
Introduction
Peripheral nerve injury is a common symptom resulting from accidents or excessive labor. It has a high disability rate and can negatively influence the life quality of patients (Faroni et al., 2015) . Several studies have shown that neural stimulation can lead to neural regeneration (Shah and Gerasimenko, 2016; Badri et al., 2017) . Electrodes that stimulate the peripheral nerves can restore some of functions that are lost in paralyzed or quadriplegic patients (Li et al., 2008) . Optogenetic stimulation has been shown to promote the selective regeneration of refractory axons in a living vertebrate (Deisseroth, 2011; Xiao et al., 2015) .
Mammalian peripheral nerves can regenerate after injury (Menorca et al., 2013; Scheib and Höke, 2013) . The mechanism underlying peripheral nerve regeneration is often considered to be associated with Schwann cell proliferation. In particular, neurotrophic factors secreted by Schwann cells play an important role in peripheral nerve regeneration (Kidd et al., 2013) . Nerve growth factor (NGF) is the earliest discovered neurotrophic factor and can provide nutrition for neurons and induce neurite outgrowth (Yu et al., 2014; He et al., 2016) . NGF can regulate peripheral nerve development, differentiation, growth, and regeneration. Although exogenous NGF has been utilized in the clinic to improve nerve injury, the optimal administration route, dosage, and side effects of NGF still need to be clearly described. However, this goal is hindered by a complicated purification technique and expensive cost . Electroacupuncture (EA) and moxibustion (Mox) in traditional Chinese medicine have been widely accepted and have a long history in the treatment of peripheral nerve injury (Hoang et al., 2012; Chang and Namgung, 2013; Liu et al., 2014) , but the mechanism is still unclear.
With respect to the mechanism through which EA and Mox produce their effects, some researchers have proposed the "serum of EA and Mox" theory. The effects of EA and Mox were observed through the changes in function and morphology of targets. The "serum of EA and Mox" theory provides a new approach for studying the mechanisms of EA and Mox. Bioactive substances in serum collected from rats undergoing acupuncture can affect the intracellular Ca 2+ concentration of cortical neurons, and humoral factors may participate in the effect that acupuncture has on regulating functional activity . Furthermore, inhibition of TNF-α-mediated chondrocyte inflammation via the Ras-Raf-MEK1/2-ERK1/2 signaling pathway, humoral regulation, improvement of the immunologic function, and anti-aging effects of serum of EA or Mox have been investigated in recent years (Li et al., 2005; Xu et al., 2005; Chen et al., 2017) . However, adequate data for understanding the mechanisms through which EA and Mox promote nerve regeneration are lacking. Therefore, this study aimed to explore the effect and mechanism of EA and Mox on nerve regeneration through analyzing Schwann cell proliferation and the effect of "serum of EA and Mox".
Materials and Methods

Animals
Forty-five 6-week-old male Wistar rats weighing 2014-0008) were kept in a specific-pathogen-free animal experiment center. The rats were maintained at constant temperature (25 ± 2°C) and humidity (50-70%) in a 12-hour light/dark cycle and allowed free access to food. The experimental protocols were approved by the Ethics Committee for Animal Experimentation at Shanghai University of Traditional Chinese Medicine in China (reference No. 2015002 ) and were performed according to the institution's Guidelines for Animal Experimentation.
Model establishment and treatment of EA and Mox
Rats were randomly divided into the following three groups one week after adaptive breeding: model group, EA group, and Mox group (15 rats per group). All rats received intraperitoneal anesthesia with 3% pentobarbital sodium 5 mg/kg and were subjected to surgical transection of sciatic nerve as previously described (Horasanli et al., 2017) . Briefly, the lateral longitudinal skin of the right hind leg was cut open and the biceps femoris was opened through blunt dissection. The sciatic nerve was exposed and tidily cut off 8 mm away from the edge of the piriformis with a razor blade. The wound was washed with saline and the outer membrane was sutured. Then the muscle and skin were closed by layers. The rats whose sciatic nerve was successfully damaged presented a severe right hind paw drop with deep flexion and inversion of the toes.
In the EA group, three days after the modeling, acupuncture needles (0.25 mm × 13.00 mm, Suzhou Medical Appliance Factory, Suzhou, China) were inserted into the acupoints. A universal pulse therapeutic apparatus (Model G-6805-2; Shanghai Medical Electronic Apparatus, Shanghai, China) with a frequency of 5 Hz was connected and the acupoints were stimulated with intermittent waves with a 20-mA current. The slight hindlimb muscle contraction was an appropriate degree for this type of stimulation. The positive pole was connected to Huantiao (GB30) on the injured side of the rats (posterosuperior border of the hip joint of the hind legs). The negative pole was connected to Zusanli (ST36) of the injured side of (posterolateral side of the knee joint, 5 mm below the capitulum fibulae).
In the Mox group, three days after the modeling, the acupoints Huantiao (GB30) and Zusanli (ST36) on the injured side were treated by warmed moxibustion (18 mm × 200 mm; Nanyang Wolong Hanyi Moxa Factory, Nanyang, China). The moxa stick was held 3-5 cm away from acupuncture points with a supporting device and the skin temperature was maintained at 43 ± 1°C, which contributed to the efficacy of moxibustion. The temperature of the acupuncture point was recorded and controlled with an infrared thermometer (Fluke, Avery De, WA, USA). Each treatment mentioned above was performed for 15 minutes, six times a week for 4 weeks. The rats in the model-only group were handled similarly to those in the EA and Mox groups.
Determination of sciatic functional index (SFI)
The SFI was determined using a walking-footprint analysis after 4 weeks of treatment (Badri et al., 2017) . The footprints were collected by applying carbon black ink on the rat metapodia. We measured the bilateral print length (maximum distance from heel to toe, represented by PL;), the width of toe (distance between the 1 st to 5 th toe, TS), and the inter-toes distance (distance between the 2 nd to 5 th toe, IT). The SFI was calculated using the Bain formula according to a previous study (Badri et al., 2017) . Normal values of SFI were 0 and −100, indicating that nerves were completely broken off. The SFI recovery rate (SFI′) was calculated as: SFI′ = (1 + SFI/100) × 100%.
Measurement of sciatic nerve conduction velocity (NCV)
Rats were laid prone on the procedure table with limbs fixed in place immediately after determining the SFI. Stimulating electrodes (RM6240 Biological Signal Collecting System, Chengdu Instrument Factory, Chengdu, China) were insert-ed on both sides of the sciatic nerve below the ischial tuberosity. Two pairs of recording electrodes were placed on both sides of the nerve at the beginning and end of the gastrocnemius, respectively and the distance between the two pairs of electrodes was measured (mm). Subsequently, an electrical stimulation with an intensity of 5−10 V and a wave width of 0.2 ms was triggered. The time difference between two action potentials (spikes) was observed and recorded. The sciatic NCV was calculated as mm/s by dividing the distance between the electrodes by the time between spikes, and the recovery rate of the NCV was determined by dividing the NCV on the injured side by that for the uninjured side.
Sample collection and hematoxylin-eosin staining
After measuring the sciatic NCV, blood from each group was drawn from the abdominal aortic vein (postcava) under aseptic conditions. After standing at room temperature for 3-4 hours, the blood was centrifuged for 15 minutes at 3,000 r/min, the supernatant was collected and cryopreserved at −80°C. The complete gastrocnemius muscle was dissociated under a microscope, cut into 1 cm 3 blocks transversely in the center of the muscle, fixed with 4% paraformaldehyde, and embedded in paraffin. The nervous tissue 1 cm from the distal side of the nerve cutoff point was harvested under the microscope (normal tissue was collected in the corresponding position on the uninjured side) and fixed with 4% paraformaldehyde in paraffin sections. Hematoxylin and eosin staining was performed with 5 μm paraffin-embedded sections. Briefly, the slices were stained with hematoxylin for 5 minutes after being dewaxed and dehydrated, were placed in eosin for 2 minutes, and then underwent conventional dehydration, transparency, and mounting.
Measurement of the gastrocnemius muscle-fiber diameters
The complete gastrocnemius muscle was dissociated under the microscope after 4 weeks of treatment with EA or Mox, then cut into 1 cm 3 blocks transversely in the center of the muscle. Hematoxylin-eosin-stained fibers were assessed through blind analysis using Image J software (NIH, Bethesda, MD, USA). Fifty randomly captured images from each experimental condition were selected to determine fiber sizes. Fibers were handled manually, and the maximum transverse diameter of each fiber was computed using the software. The quantitative analysis was performed with the mean value used to represent muscle-fiber diameter. The diameter of autologous gastrocnemius muscle fibers on the uninjured side was used as the control. The recovery rate of gastrocnemius muscle fibers was evaluated as the ratio of gastrocnemius muscle-fiber diameter on the injured side to that of the uninjured side.
Immunohistochemistry
After dewaxing and dehydration with gradient alcohol, the tissue sections harvested after 4 weeks of the treatment were washed three times with 0.01 M PBS. After antigen retrieval with 0.01 M sodium citrate buffer solution, the sections were blocked with 10% goat serum for 10 minutes before incubation with the S100 (a specific marker for Schwann cells) rabbit monoclonal antibody (1:200; Cell Signaling Technology, Danvers, MA, USA) overnight at 4°C. One drop of reagent B (goat anti-rabbit biotinylated secondary IgG; Zymed Laboratories, San Francisco, CA, USA) was added and incubated for 30 minutes at 37°C after washing with PBS. The reagent C (horseradish peroxidase-labeled streptavidin) was added and incubated for 10 minutes after washing with PBS. Chromogenic reaction with 3,3′-diaminobenzidine was performed to show the S100 positive reaction product. Positive immunoreactive products presented as sepia or brown under a light microscope (Olympus, Tokyo, Japan) at 100× magnification. The same location of the autologous sciatic nerve on the uninjured side was used as the control. The recovery rate of S100 expression was evaluated as the ratio S100 positive cells on the injured side to those on the uninjured side.
Enzyme linked immunosorbent assay (ELISA)
The expression of NGF in the serum of each group was examined using ELISA after 4 weeks of EA or Mox treatment. The standard substance was diluted according to the manufacturer's instructions (R&D Systems, Minneapolis, MN, USA). Samples were incubated at 37°C for 30 minutes after loading and washed 5 times for 30 seconds. Fifty microliters of enzyme reagent were added to all wells but one and incubated at 37°C for 30 minutes. Subsequently, 50 μL of chromogenic agent was added into each well and incubated at 37°C for 15 minutes. After that, 50 μL of stop buffer was added into each well to terminate the reaction. The optical density values of NGF in each well were measured at a wavelength of 450 nm.
Schwann cell culture and CCK-8
Schwann cells were adaptively cultured for 48 hours in an incubator after acquisition (Shanghai Institutes for Biological Sciences Affiliated to Chinese Academy of Sciences). After one-day culture with Dulbecco's modified Eagle's medium (DMEM) without serum, the original culture solution was discarded and washed three times with 0.01 M PBS. Schwann cells were divided into three groups: Model group, EA group, and Mox group. The cells in each group were treated with the serum from Model, EA, or Mox treated rats, respectively. Afterward, the viability and proliferation of Schwann cells were measured using Cell Counting Kit-8 at 1, 2, and 5 days after treatment according to the manufacturer's instructions.
Statistical analysis
All experimental data were presented as the mean ± SD. Statistical analysis was performed using SPSS 16.0 software (SPSS, Chicago, IL, USA). One-way analysis of variance with Student-Newman-Keuls post hoc test was used to evaluate the statistical differences among multiple groups. A value of P < 0.05 was considered statistically significant.
Results
EA and Mox promoted functional recovery of sciatic nerves
Rat activity was normal and limp was improved after treatment for 28 days. The inter-toes distance of the injured limb had increased. Although the non-treated rats had some natural self-healing ability, both EA and Mox treatment promoted significantly more functional recovery of the sci-atic nerves. SFI in the Mox and EA groups was significantly higher than in the model group (P < 0.05, P < 0.01, respectively). SFI did not differ between the EA and Mox groups (P > 0.05; Figure 1 ). EA and Mox improved the NCV recovery rate NCV, the speed at which electrical signals propagate along peripheral nerves, can reflect nerve function in the clinic. A decline in peripheral nerve function is associated with numerous nervous system pathologies. The NCV recovery rate was much higher in both EA and Mox groups than in the model group (P < 0.05 and P < 0.01, respectively) and did not differ between the two treatment groups (P > 0.05; Figure 2 ).
Morphological changes in injured sciatic nerves after Mox and EA treatment
Hematoxylin-eosin staining was performed to compare the morphology among the groups after treatment. We observed that the structure of the neural tissue was loose and that nerve fibers were not arranged systematically in the model group. Axonal swellings were obvious in the model group due to the neural lesion. The denatured axons showed loss of myelin, disintegration, and a foam-like shape. The number of regenerating axons in both treatment groups, especially the EA group, was significantly higher than in the model group (Figure 3 ).
Mox and EA increased the recovery of gastrocnemius muscle fibers
In the model group, skeletal muscle cells presented loss of cytoplasm, decreased diameter, and decreased nuclei under the microscope, which indicated obvious atrophy. The myofibers were sparse and separated by large distances. After both EA and Mox treatment, the atrophy of gastrocnemius muscle fibers was less than what we observed for the model group. The efficiency of EA treatment was higher than that of Mox treatment ( Figure 4A) . The recovery of gastrocnemius muscle fibers was significant higher in the EA group than in the model group (P < 0.05), but did not differ from Mox and EA upregulated S100 expression at the injured sites S100 expression on the uninjured side was used as a control. The number of S100-immunoreactive cells on the injured side was greater than that on the uninjured side. The structure of cells on the injured side was looser in the model group than in the treatment groups ( Figure 5A ). Both EA and Mox could promote significantly S100 expression in the nerve-injured rats than what was observed in the model group (P < 0.01). S100 expression levels did not differ between the EA and Mox groups ( Figure 5B ).
EA and Mox enhanced the level of NGF in serum
The level of NGF in the serum of each group was detected using ELISA. NGF is a neurotrophic factor that promotes nerve regeneration after peripheral nerve injury (Tang et al., 2013) . The level of NGF in serum was much higher in the Mox and EA groups than in the model group (P < 0.01), but did not differ between the two treatment groups (Figure 6 ).
Serum of Mox and EA treated rats facilitates proliferation of cultured Schwann cells
To further investigate the mechanism underlying EA or Mox therapy, we asked whether the serum of EA-or Mox-treated rats could promote the proliferation of Schwann cells in vitro.
After treatment with serum from EA, Mox, and model groups, the viability of Schwann cells was detected by Cell Counting Kit-8 and the optical density value was recorded. Proliferation of Schwann cells did not significantly differ between groups at day 1. However, at days 3 and 5, the optical density values were significantly higher in both EA and Mox groups than in the model group (both P < 0.01). Density did not differ between the EA and Mox groups at any day (Figure 7 ).
Discussion
In this study, the positive pole was connected to GB30 and the negative pole was connected to ST36 because nerves are known to grow toward the negative pole in a weak electrical field and because of the relative function of these acupoints. We found that both EA and Mox promoted sciatic nerve regeneration in rats after injury. Electrical stimulation can promote peripheral nerve regeneration and target reinnervation (Wenjin et al., 2011; Liu et al., 2013; Zhao et al., 2013) . Furthermore, the combination of electrical stimulation and polymer composites can enhance neurite outgrowth and nerve regeneration (Koppes et al., 2014; Song et al., 2016) . Neurite outgrowth grew faster towards the negative pole under the influence of a weak electrical field, but the growth towards the positive pole was inhibited (Song et al., 2004) . However, these studies did not examine the effects of acupoint stimulation. A previous study showed that acupuncture at GB30 enhanced axonal regeneration in injured sciatic nerves (Chang and Namgung, 2013) and specifically improved motor recovery (Hoang et al., 2012) . EA stimulation at ST36 in rats has been shown to upregulate the expression of axonal growth-associated protein 43 in neurons of the dorsal root ganglion (Kim et al., 2012) . Stimulation via EA and Mox has been shown to have direct effects on local areas and could promote blood circulation, decrease the edema of nerves, and improve the nutrition of muscle, thereby promoting functional recovery. Mox increases local skin temperature, which might be part of the mechanism through which Mox therapy works. The spinal cords and brains of juvenile turtles acclimated to warm temperature revealed higher cell proliferation than those acclimated to a cooler environment, which indicates that a high temperature could promote nerve regeneration in juvenile turtles (Radmilovich et al., 2003) . Although the environment can affect neuronal proliferation, specific acupoint activation may play the key role in nerve regeneration during treatment with EA or Mox after peripheral nerve injury. The ultimate goal of studying peripheral nerve injury is to achieve functional recovery of injured nerves. SFI has been shown to be accurate and reliable for evaluating sciatic nerve regeneration and functional recovery (Zencirci et al., 2010) . EA stimulation at ST36 and GB30 has been shown to alleviate muscle atrophy induced by sciatic nerve injury (Yu et al., 2017) . According to our data, even untreated injury-model rats had some nerve self-healing ability. However, both EA and Mox treatment could promote significantly more functional recovery of the sciatic nerve, recovery of NCV, and less gastrocnemius muscle atrophy than this natural level of self-healing. Although EA seems to have a better effect on sciatic nerve-injury repair than Mox, the current study demonstrated a possible overlap in the mechanism through which EA and Mox act. One of the possibilities is that the same acupoints were stimulated and the main outcome of EA and Mox treatment is derived from the specific acupoints which were stimulated, and not the method of stimulation. However, it appears that combining EA and Mox might exert an even greater effect than EA or Mox alone. Therefore, the combined effect of EA and Mox on peripheral nerve injury deserves to be explored in the future.
Schwann cells have been shown to secrete neurotrophic factors and produce extracellular matrix and cell adhesion molecules, which can then induce, stimulate, and regulate axon regeneration and the formation of myelin sheaths (Madduri and Gander, 2010; Kidd et al., 2013) . During the regeneration, Schwann cells quickly migrated to distal regions and only partial Schwann cells positively expressed S100. However, S100 protein was positively expressed in the majority of Schwann cells formed in the distal part of the injury. Based on this finding, a theory was proposed in which peripheral nerve regeneration was regulated by distal parts of the nerve, which could assist in the extension of neurites and in reestablishing innervation through the recognition and interaction between neurons and neurogliocytes. Li et al. (2007) found that EA could promote S100 expression of Schwann cells in the reparative stage after sciatic nerve cutoff. Low frequency EA (5 Hz) exerted an optimal effect for peripheral nerve injury and the effect was most obvious at the early stage. Our study confirmed that both EA and Mox could promote Schwann cell proliferation after injury, which may play an important role in nerve regeneration.
Inspired by the theories of "serum pharmacology" and "Traditional Chinese medicine serology", some researchers proposed a "serum of EA and Mox" theory (Li et al., 2004 (Li et al., , 2005 Xu et al., 2005; Chen et al., 2017) . After nerve injury, the expression of NGF was increased, which provided an appropriate environment for promoting axon regeneration, reestablishing the connection between axons and Schwann cells, and the reinnervation of targeting areas for improving nerve growth (Tang et al., 2013) . We found that the expression of NGF in the serum of the Mox and EA groups was much higher than that in the model group. Further, the serum of EA or Mox treated rats could promote the proliferation of Schwann cells in vitro. Optical density values determined by Cell Counting Kit-8 in both EA and Mox groups were much higher than those in the model group at 3 and 5 days. EA or Mox may augment new axonal connections after peripheral nerve injury, and ultimately accelerate the transport of NGF. Moreover, EA or Mox were able to enhance the proliferation of Schwann cells, which secreted much more NGF. Therefore, the mechanism through which EA and Mox lead to regeneration and repair after sciatic nerve injury might be related to Schwann cell proliferation and enhanced NGF secretion. Critically, EA and Mox are safer and more convenient methods for elevating NGF expression than exogenous NGF administration. It would be interesting to in-vestigate the levels of other neurotrophic factors, such as brain derived neurotrophic factor and glial cell line-derived neurotrophic factor, after EA and Mox treatment.
This study had some limitations. First, we did not include sham EA and sham Mox groups, although the effects of sham EA or sham Mox were not obvious according to our previous studies. Additionally, data from groups that receive real EA and Mox, but at unrelated acupoints, should also be investigated to confirm the importance of these specific acupoints. Second, the expression of NGF in the local injured nerve tissue was not determined.
In conclusion, both EA and Mox promoted nerve regeneration and functional recovery after sciatic nerve injury and improved skeletal muscle atrophy. The mechanism underlying this phenomenon might be associated with proliferation of Schwann cells and secretion of NGF.
